The drug-resistance element Tn5 transposes with high frequency immediately after entry into a cel. Establishment of Tn5 within a cell results in a decrease in this transposition frequency. This phenomenon resembles "zygotic induction" of repressible operons and prophages. Evidence is presented that Tn5 transposition is under negative control by a factor encoded within the element itself. Established (that contain point mutations inactivating the resistance gene) are able to inhibit transposition of an incoming Tn5 element by a factor of 12-to 70fold. Several deletion derivatives of Tn5 lack the ability to inhibit transposition. Transposable drug-resistance elements are short segments of DNA that code for resistance to one or more antibiotics and have the property of being able to insert in a rec-independent manner into new sites of the DNA. (See refs. 1-4 for reviews and collections of papers on this topic.) The ability of such elements to be transferred from cell to cell and to transpose into the chromosome of the recipient allows them to be added to the genome of new individuals, even individuals of a different species. These genes have attained a degree of autonomy; they can spread horizontally in populations and can cross species barriers. The molecular mechanism by which transposons move to new sites in the DNA remains unclear.
gene) are able to inhibit transposition of an incoming Tn5 element by a factor of 12-to 70fold. Several deletion derivatives of Tn5 lack the ability to inhibit transposition. Transposable drug-resistance elements are short segments of DNA that code for resistance to one or more antibiotics and have the property of being able to insert in a rec-independent manner into new sites of the DNA. (See refs. [1] [2] [3] [4] for reviews and collections of papers on this topic.) The ability of such elements to be transferred from cell to cell and to transpose into the chromosome of the recipient allows them to be added to the genome of new individuals, even individuals of a different species. These genes have attained a degree of autonomy; they can spread horizontally in populations and can cross species barriers. The molecular mechanism by which transposons move to new sites in the DNA remains unclear.
It seems reasonable that this transposition process might be regulated. Heffron and coworkers (5-7), and Chou et al. (8) , have presented detailed evidence that transposon Tn3 possesses a mechanism for regulating its transposition activity. However, the biological role of this mechanism is uncertain because the mechanism has only been shown to operate in mutant transposons; the in vivo signals to which the mechanism responds are not known. We have recently found that transposition of Tn5, a transposable element that confers resistance to kanamycin (9) (10) (11) , is under negative control of a trans-acting product encoded by Tn5. This control can be demonstrated for nonmutant elements, and the selective value of the mechanism is easily rationalized. It is not known whether this regulation is by repression of transposition functions or whether it occurs by direct interaction of an inhibitory factor with DNA sites or proteins necessary for transposition. Because of this uncertainty we refer to the activity as "transposition inhibition." Results similar to ours have recently been reported for transposon TnlO by Beck et al. (12) .
MATERIALS AND METHODS Media. Nutrient broth (Difco) containing 0.5% NaCl was used as rich medium. Solid medium contained 1.5% Difco agar. When necessary, this was supplemented with kanamycin sulfate (Sigma) at 75 Ag/ml or tetracycline hydrochloride (Sigma) at 10 ,ug/ml. Minimal medium was the E medium of Vogel and Bonner (13) , which when necessary was supplemented with kanamycin sulfate at 125 Ag/ml. Histidine was used at a concentration of 0.1 mM in minimal plates. Minimal lactose plates contained the NCE medium described by Berkowitz et al. (14) with 0.2% lactose.
Phage Growth. Transductional crosses were performed by using a mutant of phage P22 (HT105/2) that transduces with high frequency (15) and that contains an int mutation (isolated by G. Roberts). Phage were grown according to the procedure of Hoppe et al. (16) .
Bacterial Strains. All strains used are derivatives of Salmonella typhimurium LT2. Escherichia coli strains carrying F' lac::TnS were kindly donated by Doug Berg. Table 1 (17) . Mutagenized phage was used to transduce deletion strain his-644 to growth on histidinol (requiring inheritance of the donor hisD gene), and the transductants were replica-printed to plates containing kanamycin in order to identify Kans clones. (ii) Deletion mutants were isolated by selection for derivatives of a hisG::Tn5 strain that had regained expression of the hisD gene. The hisD gene is located promoter-distal to hisG; its product catalyzes the conversion of histidinol (Hol) to histidine. Deletion mutations could allow hisD expression either by fusion of the hisD gene to Tn5 transcription units or by removing the polar effect that Tn5 exerts on histidine operon expression. Cultures of TT2616 (hisG9648::Tn5) were spread on histidinol plates, and Hol+ (HisD+) revertants were picked after 2-3 days. In addition, Hol+ revertants were selected by using a strain containing a TnlO element promter-proximal to Tn5 (TT3230). With this strain, most Hol+ derivatives result from fusion of the hiMD gene to Tn5 transcription units.
All of the Tn5 mutations used in further experiments were placed in a common genetic background by transduction into deletion his-3050 (selecting Hol+). These strains were then made rec by transduction to tetracycline resistance with phage grown on TT520 (srl-202::TnlO) followed by transduction to sorbitol utilization with phage grown on TR2951 (recAl ). Exceptions are strains TT4150 and TT4151, which were first transduced to tetracycline resistance with phage grown on TT521 (srl-202::TnlO recAl) followed by transduction to sorbitol utilization with phage grown on LT2. (rec function is transiently provided by the donor fragment.)
Mapping and Characterization of the neo Mutations. The Tn5 neo gene specifies resistance to the aminoglycoside antibiotics neomycin and kanamycin. To construct a map of the neo gene, Hol+ revertants of hisG9648::Tn5 that had become
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Abbreviations: Kans and KanR, kanamycin-sensitive and -resistant, respectively; Hol+, histidinol-utilizing; Lac+, lactose-utilizing; His+ histidine-independent. All neo mutations were characterized as to reversion frequency (data not shown), and hydroxylamine-induced neo mutations were characterized as to suppressibility by nonsense suppressors (neo-5 and neo-6 are ambers). Complementation tests indicated that all point mutations affect a single complementation group (data not shown).
Determination of Tn5 Transposition Frequency. (la) Transduction of Tn5 into a rec+ recipient. P22 phage grown on auxotrophic Tn5 insertion mutants was used to transduce LT2 to kanamycin resistance. Phage (t109 plaque-forming units) and recipient cells (;108) were plated together nonselectively on nutrient broth plates and then replica-printed to nutrient plates containing kanamycin after overnight growth. Transductants were patched on the same medium and then replica-printed to minimal kanamycin plates in order to identify prototrophs. Prototrophic, kanamycin-resistant (KanR) transductants are assumed to have arisen by transposition of Tn5 because they did not inherit the auxotrophic requirement of the donor. (See Results for support of this assumption.) (Ib) Transduction of rec+ recipients containing Tn5 insertions to prototrophy. P22 phage grown on LT2 was used to transduce Tn5 insertion auxotrophs to prototrophy on minimal medium. Transductants were patched on the same medium, grown overnight, and then replica-printed to plates containing kanamycin in order to identify the transductants that retained resistance to kanamycin. Prototrophic KanR transductants are assumed to be the result of transposition of Tn5 to a new site. Such KanR transductants are fairly rare (z0.1%), and when observed they have been checked for stability of their prototrophic phenotype. Those that were unstable (i.e., segregated auxotrophs of the parental type) were scored as duplications rather than transpositions (18) . (2) Transposition of Tn5 into rec recipients. Transductions were performed by preincubating 0.1 ml of fully grown recA -recipient culture and 0.1 ml of P22 phage lysate (that had been suitably diluted to give 100-300 KanR transductants) for 1'/2 hr (at room temperature) and then plating 0.1 ml on nutrient plates containing kanamycin. The number of KanR transductants (transposition events) was scored after 36 hr. In some crosses the recipients carried a Tn5 element with a neo (Kans) mutation. KanR transductants are assumed to have arisen by Tn5 transposition, because homologous recombination is eliminated by the recA mutation. (See Results for evidence supporting this contention.) (3) Transduction of a transposable lac region into rec-recipients. A transposable lac operon was utilized that consists of the E. coli lac genes flanked by Tn5 insertions, the entire unit being capable of transposition (unpublished results). Such structures have been studied previously by Guarente et al. (19) . The construction and characterization of compound lac transposons will be described elsewhere. The transductions were performed by plating it09 phage and t108 recipient cells directly on lactose plates. The number of lactose-utilizing clones was scored after 3 days. Because The basic experimental situation for these initial observations is diagrammed in Fig. 1 . At the left in Fig. 1 , KanR transductants were selected and scored for auxotrophic requirements; those that inherited Tn5 by homologous recombination inherited the donor's auxotrophic requirement. However, approximately 10% of these KanR transductants do not inherit the donor's auxotrophic requirement. This surprisingly frequent class of transductants arises when the donor Tn5 transposes to a new site in the recipient chromosome. This conclusion is supported by the fact that -0.5% of the "transposition transductants" contain insertions into genes that result in new auxotrophic requirements. It is also supported by the fact that such transductants arise in rec-recipient strains.
In contrast to this high frequency of transposition, an established Tn5 element seems to be quite stable. This reduced transposition frequency was estimated by transducing a Tn5 insertion auxotroph to prototrophy as diagrammed at the right in Fig. 1 Typical data from such crosses are presented in Table 2 . It can be seen that the transposition frequency is much higher when Tn5 is transferred from the donor into a new recipient strain. These crosses probably underestimate the actual differences in transposition frequency, because when Tn5 is used as a donor only a short time is allowed for transposition to occur; when Tn5 is in the recipient, the transposition event could occur at any time in the many generations since the strain was last cloned.
These results, although consistent with the hypothesis that Tn5 transposition is regulated, could be interpreted in other ways because the transductions in which Tn5 was used as a donor or as a recipient are not equivalent. When used as a donor, Tn5 transposes from a linear transduced fragment; but when used as a recipient, Tn5 probably transposes from a supercoiled molecule. The states of the DNA and the selection conditions are different in the two situations. The following Fig. 2 . Isolation and genetic mapping of these Tn5 mutations is discussed in Materials and Methods.
The transposition frequency of the donor Tn5 was measured by using recipient strains carrying the recAl mutation and a Tn5 element with one of the neo mutations shown on the map in Fig. 2 ; donor phage was grown on KanR Tn5 insertion auxotrophs. Selection was made for kanamycin resistance. The results of these crosses are presented in Table 3 .
Because all recipients are rec-, KanR transductants cannot arise by homologous recombination events. KanR transductants can be obtained only by transposition of the donor Tn5 to a chromosomal location. This contention is supported by the fact that 0.3-1% of the KanR transductants are auxotrophic for a new requirement as a result of Tn5 insertion into a gene. (Use of a rec-recipient also prevents detection of transpositions that preexist in the donor population prior to growing phage; these could be inherited by homologous recombination.) rec-independent formation of specialized P22 lysogens does not contribute to the number of KanR transductants observed as evidenced by the fact that the frequency of KanR transductants isolated does not decrease in an isogenic strain containing an P22 phage grown on the indicated five Tn5 insertion auxotrophs was used to transduce recAl recipients containing various Tn5(neoS) mutations (p, point; a, amber; A, deletion) to kanamycin resistance. Donor strains are TT4699 (pyr-2380::Tn5), TT4700 (trp-2475::Tn5), TT2726 (cys-1556::Tn5), TT2715 (hisD9644::Tn5), and TT2677 (hisG9653::Tn5). Transposition frequency is expressed as the number of KanR transductants (transposition events) for a given recipient relative to the number obtained with TT4630 (an isogenic recipient strain that does not contain Tn5). Each result is expressed as the mean of a number of determinations; the number of times a given cross was performed is indicated in parentheses. (In each experiment the recipient control without Tn5 gave 100-300 KanR transductants.) The frequencies listed for TT4085 and TT4089 may be slightly higher than actual values, because the neo mutations in these strains revert at frequencies detectable in these crosses. * The frequencies have not been corrected for slight differences of recipients as phage hosts; efficiency of P22 plating (EOP) relative to TT4630 for each recipient is presented. Table 3 ). The reason for the small decrease in transposition frequency (2-to 3-fold) in some of these crosses is not clear, but a similar decrease is observed with two deletion strains (neoc-7 in TT4152, neo-18 in TT4153) that remove all of Tn5 (see Fig. 2 and Table 3 ). Deletion neo-15 has its left endpoint within the neo gene of Tn5 and extends out of Tn5 into adjacent chromosomal material; this deletion removes the inhibitory effect of Tn5 on transposition of Tn5 from transduced fragments (see Table 3 ). It is likely that the region of Tn5 to the right of the neo gene (in Fig. 2) Table 3 , as well as recipients carrying a wild-type Tn5 (KanR) to Lac+. Transposition frequency is expressed as the frequency of Lac+ transductants for a given cross relative to the control strain lacking Tn5 (TT4630). The frequencies were not corrected for the minor differences of P22 plating efficiency (see Table 3 ). The relative efficiency of P22 plaquing of strains TT4154 and TT4155 (not listed in Table 3 ) is 1.1 for each. Each result is the mean and SD of a number of experiments (the number of experiments being listed in parentheses) in which 100-400 Lac+ transductants were obtained with TT4630 as recipient.
inhibitor could act directly on the transposition protein (transposase) or on DNA sites critical to transposition.
The possibility was considered that the inhibition effect of Tn5 might be exerted by long-range cis effects rather than in trans. There is precedent for this in that only one copy of TnA can be inserted in a single plasmid (24) . We think this possibility is unlikely because (i) strains carrying multiple Tn5 elements are easily constructed and appear to be perfectly viable, and (ii) the inhibitory effect on transposition (into the chromosome) is exerted by Tn5 elements present on an F' plasmid in the recipient cell.
It should be noted that the inhibited level of transposition of Tn5 when brought into a cell containing a resident Tn5 appears higher than the level seen for the resident chromosomal Tn5 insertion itself (as reported in Table 2 ). This could be due to preferential cis action of the inhibitor. It may also be the result of lifting of transposition inhibition by phage infection, or by an increased transposition frequency of Tn5 from transduced fragments relative to frequency of transposition from the chromosome (perhaps due to effects of supercoiling).
The possible evolutionary significance of a negatively regulated transposition mechanism is easily rationalized. Such a mechanism would allow a transposon to leave unstable DNAs (e.g., transduced fragments or plasmids subject to exclusion) and become stably associated with the cell genome at high frequency. Once the transposon is stably integrated into the chromosome (or into a compatible plasmid) transposition activity would be reduced. This could be advantageous to the transposon, because it would reduce the possibility of killing the host cell by gene inactivation or chromosome instability.
